Ag-exchanged NaY zeolite (Ag-NaZ) particles were prepared by ion exchange and introduced to a polyvinyl alcohol (PVA) membrane cross-linked with polyacrylic acid (PAA) for the pervaporation dehydration of an isopropanol (IPA) aqueous mixture. The Ag-exchanged NaY zeolite particles were characterized by FE-SEM, EDS, BET, and XRD studies. The prepared Ag-NaZ-loaded PVA/PAA composite membrane was characterized by FE-SEM, XRD, a swelling study, and contact angle measurements. Pervaporation characteristics were investigated in terms of Ag-NaZ concentrations within PVA/PAA membranes using diverse feed solution conditions. The preferential sorption of IPA/water mixtures for Ag-NaZ-introduced membranes were also determined by calculating the apparent activation energies of IPA and water permeation, respectively. As a result, flux and selectivity increased with the Ag-NaZ concentration to 5 wt% in the membrane. Optimum pervaporation performance was observed in a 5 wt% Ag-NaZincorporated membrane with a flux equal to 0.084 kg m À2 h À1 and a separation factor of 2717.9 at 40 C from an 80 wt% IPA aqueous feed solution.
Introduction
Isopropyl alcohol (IPA) is a commonly used chemical reagent due to its relatively high volatility and low toxicity. IPA is therefore commonly used as a solvent for a wide range of nonpolar compounds, as an experimental preservative in the laboratory, and as a disinfectant in the medical industry by diluting in water.
1,2 Due to these applications as well as countless others, many researchers have predicted that the demand for IPA will continue to increase in the future.
The IPA manufacturing process inherently requires the separation of IPA from water. However, IPA forms an azeotropic point with water at 87.4 wt% IPA and 80 C; therefore, azeotropic distillation is necessary for obtaining highly puried IPA. This process requires tremendous amounts of energy and results in high CO 2 emissions.
3 Pervaporation (PV), on the other hand, has received global attention as an eco-friendly alternative to azeotropic distillation. It is energy-efficient with an excellent separation ratio, and is particularly effective at breaking down azeotropic mixtures. PV is even more exible in process design and simpler in process control, thus making it superior for industrial-scale applications. 4 Pervaporation is based on the solution diffusion model of mass transfer through a membrane. Therefore, liquids on the feed side vaporize and permeate the dense membrane due to a force that arises from the difference in chemical potential (e.g. concentration gradient).
5 Therefore PV is a promising technology for the dehydration of IPA.
In recent years, numerous polymeric membranes have been developed 6 and employed in IPA dehydration [7] [8] [9] because of advantages such as lower costs, easier fabrication processes, and superior scalability. Polyvinyl alcohol is a hydrophilic polymer used in such membranes; because of its good chemical, thermal resistance, and lm-forming properties, [7] [8] [9] [10] [11] it has proven to be the most promising and consistent candidate in PV dehydration applications.
There are over 350 publications related to PV, and commercial membranes based on PVA are readily available for dehydration. The performance of PVA membranes, however, is still hindered by excessive swelling in water; therefore, various PVA modications have been proposed. A few examples are crosslinking, 12 blending with different polymers, 7 heat treatment, 13 and graing. 14 The available literature regarding these PVA modications indicate that, in comparison to the crosslinking of PVA with small molecules like glutaraldehyde (or an inorganic material such as tetraethyl orthosilicate), the organic crosslinking of polymers like polyacrylic acid (PAA) results in remarkable PV performance in ethanol dehydration. However, its membrane selectivity for water is comparatively low. 15 On the other hand, acetic acid/water pervaporation separation PAAcrosslinked PVA exhibited higher selectivity towards water with lower ux. 16, 17 Hence, this PV performance trade-off implies that homogeneous membranes prepared with polymer crosslinking have their limitations in permeation and selectivity.
Many scientists have successfully improved PV transport through PVA-based membranes with mixed matrix membranes, which involves physically mixing organic or inorganic llers into the polymer matrix, e.g. carbon nanotube, zeolite, metal organic framework.
18-21 Among them, zeolite has received the most attention and is regarded as a promising material for mixed matrix membranes. Zeolites are alumina-silicate inorganic materials with nano or microporous structures known as "molecular sieves". Zeolites have been widely studied as a potential PV membrane material because of their unique pore structure, channels, and adsorption properties as well as good mechanical, chemical, and thermal stabilities. NaY zeolites have alumina-silicates with variable SiO 2 /AlO 3 ratios (1.5-3.0), numerous sodium ions in their pores, and polycrystalline structures with well-dened nano-sized pores. Due to NaY zeolite having a higher Si/Al ratio than NaA zeolite, its hydrophilicity is lower and therefore, it shows better per-selectivity in alcohol/organic separation. 22 However, NaA zeolite has already been used in the commercial dehydration of various alcohols.
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The zeolite framework consists of a tetrahedral framework of either silicon or aluminum atoms, connected to each other by sharing an oxygen atom, thus creating a secondary building unit with dened shapes like cubes or hexagonal prisms. These units are further assembled into large lattices by repeating identical building units. While forming the framework, each aluminum atom puts a negative charge on the framework (AlO 4 À ), which is balanced by a metallic atom cation such as Na + , Ca + , Mg + , K + or by a proton (H + ). These cations are dynamic and can undergo ion exchange with other cations.
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It has been recently reported that silver nanoparticles embedded within the PVA membrane improve hydrophilicity and can therefore enhance PV performance for IPA dehydration. 25 The possible reason for silver nanoparticle hydrophilicity is that it can release silver ions in aqueous phase by oxidizing, and silver ions can simultaneously be adsorbed on the silver nanoparticle surface in the formation of hydrated silver ions; additionally, it is more fascinated in acidic environment at low pH. Therefore, PVDF and PVA membranes with embedded silver nanoparticles immobilized in the presence of polyacrylic acid (PAA) were prepared, and showed improved surface hydrophilicity.
26,27
The studies above prompted the modication of the NaY zeolite by exchanging the silver ion with a sodium ion and incorporating it into the PVA/PAA polymer membrane. The presence of acidic PAA promotes the hydrophilic mechanism for silver ions explained above, and further decreases hydrophilicity due to a higher Si/Al ratio in NaY zeolite, which will be compensated by hydrophilicity obtained from the Ag ion and offer a vintage for water transport through the zeolite pores. In this investigation, we have prepared Ag-exchanged NaY zeolite particles and incorporated them into the PVA/PAA crosslinked membrane with varying concentrations. The resulting particles and membranes were characterized by FE-SEM, EDS, PSA (particle size analysis), BET surface area analysis, FT-IR, and XRD to identify the structural variations associated with modication procedures. Finally, the PV separation of the water-IPA azeotropic mixture was performed by using the prepared membranes under a range of conditions.
Experimental

Materials
Poly(vinyl alcohol), with a molecular weight of 88 000-97 000 and a 98-99% degree of hydrolysis, was purchased from Alfa Aesar, a 35 wt% ready-made solution of poly(acrylic acid) (molecular weight (250 000 g mol À1 )), USA. NaY zeolite was purchased from Sigma Aldrich. Silver nitrate powder (99.9%) was purchased from Kojima Chemical Co., Ltd., Japan, and ammonium chloride and isopropyl alcohol (99.5 wt%) was obtained from Dae-Jung Chemicals & Metal Co, Korea. For PV experiments, the water/isopropyl alcohol mixtures were prepared in the laboratory by mixing a predetermined quantity of each (w/w). 2.1.1 Preparation of silver-exchanged zeolite particles. Silver (Ag)-exchanged zeolite particles were prepared by ion exchange and calcination. First, zeolite particles were placed in a beaker and 1 M ammonium chloride aqueous solution was added. Then, the mixture was stirred for 12 h to allow the exchange of Na + ions and NH 4 + ions. The resulting product was washed with deionized water several times and ltered. The ltered powder was then dried in an oven at 100 C. The obtained powder comprising NH 4 + ion-exchanged zeolite was calcinated at 450 C, aiming to evaporate the NH 3 ; thus, the hydrogen-exchanged zeolite (H-exchanged zeolite) was obtained. In order to prepare the Ag-exchanged zeolite, the Hexchanged zeolite (5 g L À1 ) was further treated in a beaker containing 1.37 Â 10 À3 M AgNO 3 aqueous solution, followed by stirring for 12 h, washing with water, and drying the resultant Ag-exchanged zeolite (Ag-NaZ) in the oven at 100 C. The zeolite was then transferred to a desiccator prior to use. 2.1.2 Preparation of the (Ag-NaZ) loaded PVA/PAA mixed matrix membranes. The Ag-NaZ-loaded mixed-matrix PVA/PAA membranes were prepared by dissolving PVA (5 g) powder into 95 g of water with continuous stirring at 80 C for 6 h and ltering the resultant solution. The resultant solution was kept overnight to remove effervescence and air bubbles. A 35 wt% readymade solution of PAA was diluted with water to obtain a 5 wt% solution of PAA. Thereaer, both PVA/PAA solutions were mixed in a ratio of 75/25 and stirred for uniform mixing. The desired quantity of the resultant solution was cast onto a Petri dish and dried at 40 C in an oven. The membrane was subsequently exfoliated from the Petri dish and crosslinked with heat treatment. This consisted of heating the membrane at 130 C for 5.5 h, to thus obtain the membrane designated as AgNaZ-M0. In order to prepare the Ag-NaZ-loaded membrane, 2 g of Ag-NaZ was dispersed in 98 g of water and sonicated using Ultrasonicator (Branson Sonier 450) at 20% duty cycle for 30 min in a separate beaker. Thereaer, 2.5, 5, 7.5, 10, and 12.5 g of the Ag-NaZ solutions were added dropwise to the above PVA/PAA (75/25, w/w) solution with constant stirring. A Ag-NaZ composite membrane was obtained by following the same membrane preparation procedure as AgNaZ-M0. The resulting membranes were designated as an AgNaZ-M1, AgNaZ-M2, AgNaZ-M3, AgNaZ-M4, and AgNaZ-M5. Similarly, the hydrogen form of the zeolite-loaded membrane was prepared for comparison. All the membranes had a thickness of approximately 50 mm and were preserved at 35 C in a drying oven until use. The sample designations are described in Table 1 .
Characterization of silver-exchanged zeolite (Ag modied) particles
The surface morphology of Ag-NaZ was studied by SEM, and the element composition of the modied Ag-NaZ was evaluated by scanning electron microscopy with energy-dispersive X-ray spectroscopy (S-2700, Hitachi, Japan). An X-ray diffractogram pattern of the modied Ag-NaZ particles was also obtained (Rigaku Japan, D/Max 2500, l ¼ 1.5406, Cu Ka radiation at 45 kV and 15 mA). In order to measure the surface area of the unmodied and Ag-modied zeolite (Ag-NaZ) particles, surface area analysis was performed using the Brunauer-EmmettTeller (BET) method with a Quanta chrome autosorb IQ.
Characterization of AgZ-M0 and Ag-NaZ composite membranes (MMM)
2.3.1 X-ray diffraction studies. In order to characterize the dispersion of Ag-NaZ in the membranes, X-ray diffractogram patterns were examined for AgNaZ-M0 and Ag-NaZ particleloaded PVA/PAA composite membranes using an X-ray diffractometer (Rigaku Japan, D/Max 2500, l ¼ 1.5406, Cu Ka radiation at 45 kV and 15 mA). For identication of the crystal phase, dried membrane samples with uniform thickness were mounted on sample holders before recording the patterns in the range of 0-60 at a speed of 5 min À1 .
Scanning electron microscopy study for membranes.
The surface morphology of the AgNaZ-M0 and Ag-NaZ particleloaded PVA/PAA composite membranes were examined by SEM. Images of the samples were obtained by scanning with a focused beam of electrons [Teskan, Czech, Vega II, and LSU].
Specimens for analysis were prepared by coating the samples with gold to make the lm and particles more conductive.
2.3.3 Contact angle measurements. The static contact angles of water on AgNaZ-M1 and Ag-NaZ particle-loaded PVA/ PAA composite membranes were measured using the sessile droplet method with the help of a contact angle analyzer (Phoenix 300, South Korea) equipped with a video camera. The contact angle of the water droplet was measured for each sample ten seconds aer placing it onto the membrane. According to the shape of the droplet on the membrane, the corresponding contact angle was calculated with the precision and accuracy provided by the supplied soware.
2.3.4 Swelling degree measurements. The dried membrane samples of AgNaZ-M1 and Ag-NaZ particle-loaded PVA/PAA composite membranes were weighed (m d ) and immersed in bottles containing 50 cm 3 of different water/isopropanol mixtures for 48 h and at 40 C. They were then removed from the solutions, wiped with dry tissue paper, and immediately weighed (m s ). The degree of swelling was calculated using the following equation:
where, m s and m d are the mass of the swelled and dried membranes, respectively.
Pervaporation apparatus and measurements
The pervaporation (PV) experiments were carried out using the pervaporation apparatus designed in our previous article.
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The effective area of the membrane (19.64 cm 2 ) was placed in the membrane cell, which consisted of two compartments. The rst compartment was connected to a feed tank, and the other was connected to the downstream side (vacuum pump). The desired temperature (40 to 60 C) of the feed tank was maintained by a thermostatically controlled water jacket. In order to avoid concentration polarizing, the feed mixture was continuously circulated using a pump (100 rpm) through the membrane cell. The downstream pressure was maintained at less than 10 mbar using a vacuum pump (Edwards, RV8). The test membrane was equilibrated for 1 h before the pervaporation experiment started with a circulating the feed mixture through the membrane cell at desired feed temperature. A cold liqueed nitrogen trap was used to collect the permeated solution. The feed mixture composition was varied from 10-30 wt% (azeotropic composition range) of isopropyl alcohol in water. The composition of the permeated solution was analyzed using gas chromatography with a TCD detector (DS Sci. DS7200). The separation performance of the prepared membrane was evaluated by measuring the ux (J) and separation factor (a)
where P W , P I , F W , and F I are the weight fractions of water and IPA in the permeated solution and the feed solution, respectively. In addition, the ux was calculated by following equation: 
where Q is the weight of the permeated solution collected in the cold trap and the ux is calculated with respect to the effective area (A) in time t.
Result and discussion
Characterization of silver-exchanged zeolite (Ag modied) particles
FE-SEM analyses were used to investigate the particle morphology of Ag-modied particles. Fig. 1 displays the SEM micrograph for natural zeolites, H-form of zeolite, and Agexchanged zeolite particles. The particles range in size from the nano to micron (<5) scales. At higher magnication, the element compositions of natural zeolite, H-form zeolite, and Agexchanged zeolite were measured by SEM-EDS. The signals corresponding to electron excitation in the atoms due to the Xray diffraction from the O, Na, Al, Si, Ag elements in the spectrum of Ag-exchanged zeolite conrm that modication occurred. Additionally, the atomic wt% for Na in the natural zeolite was decreased from 16.93 wt% to 6.87 wt% with the new element, Ag (5.08 wt%) in Ag-exchanged-zeolite observed (Table  2 and Fig. 1 ). The BET study for the natural zeolite, H-form zeolite, and Agexchanged zeolite (Ag-NaZ) was then performed. Table 3 shows the surface area calculated from the N 2 adsorption on the surface and pore of the particle. Interestingly, the H-exchanged particles have a higher surface area than the natural zeolite; additionally, the surface area was found to decrease in Agexchanged zeolite as compared to either natural or H-form zeolite. The uctuation in the surface area with the ions (Ag, H) might be due to the different atomic sizes for Ag, H, and Na. Increase in the BET surface with modication of the zeolite also reported in the literature. 29 Moreover, it was also observed from the FE-SEM micrograph (Fig. 1) that the H-exchanged zeolite had a rougher surface than the Ag-NaZ and natural zeolite particles, which support this explanation. Fig. 2 presents the XRD pattern for natural zeolite (Na Y), H-exchanged zeolite, and Ag-modied zeolite particles. All XRD patterns show the same sharp diffraction peaks at the same position, suggest that the modication of zeolite by Ag and H does not change zeolite crystallinity. H and Ag atoms are evenly distributed on the surface of zeolite. Nevertheless, the intensity of the XRD peak in the modied zeolite was decreased, which may be due to the high-temperature removal of Al, resulting in shrinkage of the total zeolite framework because of the different Al-O and Si-O bond lengths. A similar result was reported for the modication of zeolite in the literature. which is due to the semi crystalline domain of the PVA owing to the hydrogen bonding interaction in the membrane matrix.
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Furthermore, it was observed that the intensity of the same peak decreased slightly with the addition of Ag-NaZ particles in the membrane. This implies that the level of disorder in the polymer chain increases and amorphous region was created and hence the free volume increases too with the Ag-NaZ addition. It can further help in increasing the diffusion rate of permeants in PV separation. 14 However, the peak that corresponds to the zeolite was not observed for lower Ag-NaZ concentrations, but some peaks corresponding to the zeolite were observed in AgNaZ-M3 and AgNaZ-M5. This implies that the Ag-NaZ particles were completely accommodated in the polymer matrix.
3.2.2 SEM analysis. Fig. 4 shows the surface and crosssectional SEM images of the AgNaZ-M1, AgNaZ-M3, and AgNaZ-M5 membranes. The Ag-NaZ particles are wellaccommodated in the polymer matrix, as seen from the crosssectional images. AgNaZ particles are not visible at lower concentrations, but can be seen clearly in the AgNaZ-M5 membrane. Additionally, the particles (see, AgNaZ-M5) are in good contact with the polymer with no visible macroscopic void around the particles. Moreover, the particles are distributed evenly in the polymer matrix, which suggests that the membrane prepared in this study is defect-free and that PV performance can be boosted by the presence of Ag-NaZ particles inside. Nevertheless, the surface obtained with Ag-NaZ-M1 was no longer smooth; rather, it turned rough with the addition of Ag-NaZ particles (AgNaZ-M5). It is well-known that rough surfaces provide more surface area to provide the feed, 8, 31 and subsequently favor the adsorption of selective components from the feed mixture.
3.2.3 Swelling and contact angle measurements. It is well known that the free volume, degree of crosslinking, and morphology of the membrane determine the extent of its swelling in certain liquids. 32 According to the solution diffusion model, the degree of swelling, which reects the sorption capacity of a membrane (thermodynamic property), is directly inuenced by the pervaporation transport mechanism.
5 Fig. 5 shows the degree of swelling as well as the contact angle of the membrane as a function of the amount of Ag-NaZ particles in the composite membrane. As can be seen in Fig. 5 , the degree of swelling constant over the content of Ag-NaZ particle in the membrane. On the other hand contact angle showed decreased in the trend with Ag-NaZ inclusion. Generally, in PVA based membranes as the crosslinking proceeds, hydrophilicity is depressed due to the condensation of the OH groups on the surface. The contact angle measurement is a measure of the surface hydrophilicity of membrane. Interestingly, the water contact angle on membrane surface decreased with Ag-NaZ loading in the membrane. There is no signicant impact on the swelling and decreased in the contact angle is an uncommon phenomenon in PVA based membrane. This is because the increase in hydrophilic functionality, due to the AgNaZ particles, increases the affinity for water and hence decreases the contact angle at membrane surface. On the other hand, the degree of swelling, which is a bulk property, was static with Ag-NaZ loading, due to the amount of Ag-NaZ in the membrane comparatively very less which not could have enough to the make signicant change on membrane swelling property, which is well supported by the SEM micrographs results obtained above.
Pervaporation
3.3.1 Effect of Ag-NaZ content on pervaporation performance. Fig. 6 displays the effect the Ag-modied zeolite on the pervaporation performance in terms of permeate ux and separation factor at 40 C, 80 wt% IPA in the feed mixture, and applied pressure of less than 10 mbar. PV transport across the membrane was seen to be strongly inuenced by the amount of zeolite in the PVA/PVA membrane. As the amount of the Ag-NaZ particles in the PVA/PAA membrane increased from 0 to 5 wt% the ux increased nearly threefold (0.03 to 0.084 kg m À2 h À1 ) and the separation factor also increased from 352 to 2718 (AgNaZ-M0 to AgNaZ-M5), as opposed to the case of a conventional polymer membrane system. 1, 9, 16, 28 In order to demonstrate the effect of the Ag-NaZ particles on the PV characteristics of the membranes, we plotted the Ag-NaZ particle content in the membranes as a function of the individual uxes of IPA and water and the water content in the permeate (Fig. 7) . From the gures, it was apparent that IPA permeation was inhibited by the presence of Ag-NaZ in the composite membrane. Besides, the water content in the permeate monotonously increased from 98.88 wt% for 0 wt% Ag-NaZ particles to 99.85 wt% for 5 wt% Ag-NaZ particles with an increase in the total ux (see Fig. 7 ). It is well known from the literature that the presence of zeolite in the membrane improves its hydrophilicity as observed from the contact angle measurement (Section 3.2.3) and molecular sieving action is established due to the porous nature of zeolite. 19, 33 On the other hand, the swelling degree of membrane not greatly affected by the presence of Ag-NaZ particles as explained (Section 3.2.3) above because the small content of Ag-NaZ did not change the bulk water uptake in the membrane. At higher IPA concentration in the feed (80 wt%), the increasing of hydrophilicity on the surface of the membrane due to the Ag-NaZ particles is signicantly important for water sorption and later diffusion through membrane. Because Ag + ion that balance the negative charge introduced by aluminum in the zeolite framework (AlO 4 À ) increase the polarity and facilitate electrostatic attraction with the water molecules. Consequently, both higher ux and higher separation factor were obtained from the present Ag-NaZ loaded membrane.
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Similar observation was reported for the dehydration of ethylene glycol by pervaporation using the hydrophilic carbon nanotube loaded in the polyvinyl amine-polyvinyl alcohol membrane.
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Nevertheless, it is necessary to compare the advantage of AgNaZ loaded membrane over the unmodied zeolite (NaZ only) loaded membrane in terms of the yield of PV separation for water/IPA mixtures. Fig. 8 shows the effect of different membrane congurations versus the ux and separation factor, respectively, for 80 wt% IPA in the feed, at 40 and 60 C. The pervaporation output in the Ag-modied membrane is clearly improved over that observed for PVA/PAA and unmodied zeolite (NaZ), for the same level of zeolite loading. In addition, the zeolite-loaded membrane showed superior PV transport in comparison to the unloaded membrane, implying that at least some of the permeating molecules travel through the zeolite pores across the membrane. Therefore, the interaction of the permeants with both the surface and interior of the zeolite pores can signicantly inuence the PV transport. Huang et al. studied the effect of different forms of zeolites on the PV separation of an ethanol/water mixture and reported different PV yields. These results were attributed to features such as pore size, composition, and structure; further, these properties were responsible for the hydrophilicity/hydrophilicity and molecular sieving effect of the zeolites. 35 It is well known that the molecular kinetic diameter of IPA (0.450 nm) is higher than that of water (0.296 nm). 36 The NaY zeolite used in this study has a pore size of 0.4 nm, which is higher than that of the water molecule but lower than that of the IPA molecule; hence, the permeation of IPA is hindered by the membrane. As explained in the introduction section, upon the exchange of silver ions, the hydrophilicity of the zeolite particles increases. 26, 27 In addition, the ion exchange causes a local polarity in the pores without affecting the hydrophilicity. 35 Moreover, the Na + radii (116 pm) is smaller comparison to the silver (129 pm) which may further decrease the pore size of the zeolite; this is well supported by the results of BET surface area analysis. Which resulted the easier PV transport for water molecule through the Ag-NaZ particle across the membrane by hindering the penetration of IPA molecule. The Ag-NaZ-loaded membranes showed higher PV dehydration of IPA compared to the NaZ and unloaded membranes. Since AgNaZ-M5 showed the highest PV performance among the analyzed Ag-NaZ composite membranes, the effect of operating conditions on PV transport was monitored using AgNaZ-M5. 
Effects of operating conditions
3.4.1 Effect of temperature. The operating temperature (feed) signicantly inuences the PV operation, so it is important to evaluate how the membrane behavior under different temperature conditions. Fig. 9 shows the effect of temperature on the pervaporation properties of the AgNaZ-M5 membrane with 80 wt% IPA feed. As the feed temperature increased (from 40 to 60 C), the ux increased, while the separation factor had no effect since the permeate concentration was higher than 99.5 wt% over the whole temperature range studied. The enhancement in the ux value could be attributed to the increase in the driving force and the free volume. According to the free volume theory, an increase in temperature leads to an increase in both the frequency and amplitude of polymer chain jumping (thermal agitation), and in turn, randomly creates a transition gap between polymeric chains, which is otherwise known as the free volume. Because of this random increase in free volume, rapid diffusion of permeants through the membrane occurs, resulting in an increase in ux. However, in this case, the free volume term can be removed because the polymer chains are rigid at the molecular level, and moreover, the glass transition temperatures for the membranes are greater than the operating temperature. However, an increase in feed temperature could result in earlier phase transition of the permeants inside the membrane, as the enthalpy of transition is rapidly achieved when more heat is provided; consequently, diffusion, and hence, mass transfer across the membrane are faster. The membrane produced in this study is dense and compact, and the molecular kinetic diameter of IPA (0.450 nm) is higher than that of water (0.296 nm). 35 Additionally, the zeolite increases the thermal stability of the membrane, whereby the effect of thermal agitation on the driving force can be omitted. Hence, the separation factor does not signicantly decrease over the temperature range studied (2717.9 to 1183). A similar trend has been reported in several studies. 25, 35, 36 The temperature dependence of the permeation ux can be expressed by an Arrhenius-type equation, which can be used to calculate the activation energy for permeation through the membrane.
where A p and E p are the pre-exponential factor and the overall activation energy for permeation, respectively. A logarithmic Arrhenius plot of ux against temperature was plotted for each of the components of the mixture, as shown in Fig. 10 . From the slope of the resulting plot, the activation energy for the permeation of both IPA and water was calculated. The activation energy for the permeation of IPA (60.59 kJ mol À1 ) was higher than that for water (25.19 kJ mol À1 ), which reected that the adsorption and diffusive transport of IPA was hindered with respect to water across the Ag-NaZ-M5 membrane. 3.4.2 Effect of feed concentration. Fig. 11 shows the effect of feed concentration on the ux and separation factor for IPA over the feed range 10 to 30 wt% water at 40 C with AgNaZ-M5.
The total ux increased almost 10-fold from 0.018 kg m À2 h À1 to 0.195 kg m À2 h À1 , which was attributed to the hydrophilicity of the membrane and the increased driving force of water resulting from the higher concentration of water in the feed. The gure also shows that the separation factor decreases with increasing water feed composition (5184.1 to 668.4). The AgNaZ-M5 membrane prepared in this study is highly hydrophilic and water selective, since the Ag-NaZ particles increase the surface hydrophilicity of the membrane, as observed in contact angle measurements. As a higher water content in the feed leads to increased interaction between water and the upstream side of the membrane, swelling occurs on the upstream side and membrane plasticization occurs. This plasticization is a result of adsorbed water, and along with the increased associated molecules of water and IPA, leads to a decrease in the separation factor.
8,9,35,37
However, as the separation factor is a sensitive term, even small discrepancies in the permeate concentration might cause large differences in the selectivity. It was observed that the percentage of water in the permeate was always higher than 99.5% at any feed concentration. This might be because the Ag-NaZ particles are well accommodated in the polymer matrix, leading to molecule sieving action; further, the electrostatic attraction between Ag + and Na + in the zeolite cage with water hinders the diffusion of adsorbed IPA and associated molecules across the membrane during PV transportation. Table 4 shows the comparison of pervaporation performance between optimized AgNaZ-M5 membrane and recently studied membrane systems in the literature for IPA dehydration. In Table 4 , the present Ag-NaZ-M5 membrane showed remarkable separation factor in comparison to the results of other studies.
Comparison of PV performance with data reported recently in the literature
On the other hands, ux was relatively moderate compare to other membranes. 7, 18, 33, 37 Membrane thickness of present study is 50 mm and higher ux with marginally decreased in the separation factor can be obtained by decreasing the membrane thickness according to the solution diffusion model 5 and Fick's law of diffusion. Fabrication of composite membrane by applying thin layer of AgNaZ-M5 membrane on porous support is feasible. In future research, the attempt will made for enhancing the membrane efficacy by applied to the hollow ber or suitable supporter for preparation of composite membrane.
Conclusion
In this study, we attempted to prepare Ag-NaZ particles by the modication of zeolite by exchanging Ag + with Na + ions. Subsequently, MMM was prepared by incorporating Ag-NaZ in the PVA/ PAA polymer matrix. The modication of the zeolite was conrmed by SEM-EDS analysis. Particle size measurements indicated no signicant change in the particle size of the zeolite aer exchanging Na + ions with Ag + ions. BET measurements indicated that the surface area of Ag-NaZ was smaller than that of the H-form zeolite and natural zeolite, because of atomic size of Ag + , Na + , and H + ions. The XRD peaks for the Ag-NaZ particles was concordant with those of the H-form and natural zeolites and having decreased in the peak intensity suggested that on the modication, zeolite crystallinity not affected greatly. From SEM and XRD analysis, uniform dispersion of the Ag-NaZ particles and an increase in the amorphous region of the polymer matrix were conrmed. The hydrophilicity of the membrane increased with increased Ag-NaZ loading, as revealed by contact angle measurements; however, no considerable change in the degree of swelling was observed. The PV performance of Ag-NaZ, H-form zeolite, and natural zeolite loaded membranes were evaluated in terms of the ux and separation factor under various operating conditions. The Ag-NaZ loaded membrane showed superior performance among all the loaded and unloaded membranes. As AgNaZ-M5 membrane was extremely hydrophilic, with the highest PV yield, and the ux increased from 0.02 to 0.20; on other hand, the separation factor was optimized in the range 668 to 5184 for 10 to 30 wt% of water feed content at 40 C. The activation energy for permeation was calculated from the temperature dependence of IPA and water ux through AgNaZ-M5; permeation (25.19 kJ mol
À1
) of water was observed to be easier compared with that of IPA (60.59 kJ mol
).
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